We present pre-and post-outburst observations of the new FU Orionis-like young stellar object PTF 10qpf (also known as LkHα 188-G4 and HBC 722). Prior to this outburst, LkHα 188-G4 was classified as a classical T Tauri star on the basis of its optical emission-line spectrum superposed on a K8-type photosphere, and its photometric variability. The mid-infrared spectral index of LkHα 188-G4 indicates a Class II-type object. LkHα 188-G4 exhibited a steady rise by ∼1 mag over ∼11 months starting in Aug. 2009, before a subsequent more abrupt rise of > 3 mag on a time scale of ∼2 months. Observations taken during the eruption exhibit the defining characteristics of FU Orionis variables: (i) an increase in brightness by 4 mag, (ii) a bright optical/near-infrared reflection nebula appeared, (iii) optical spectra are consistent with a G supergiant and dominated by absorption lines, the only exception being Hα which is characterized by a P Cygni profile, (iv) near-infrared spectra resemble those of late K-M giants/supergiants with enhanced absorption seen in the molecular bands of CO and H 2 O, and (v) outflow signatures in H and He are seen in the form of blueshifted absorption profiles. LkHα 188-G4 is the first member of the FU Orionis-like class with a well-sampled optical to mid-infrared spectral energy distribution in the pre-outburst phase. The association of the PTF 10qpf outburst with the previously identified classical T Tauri star LkHα 188-G4 (HBC 722) provides strong evidence that FU Orionis-like eruptions represent periods of enhanced disk accretion and outflow, likely triggered by instabilities in the disk. The early identification of PTF 10qpf as an FU Orionislike variable will enable detailed photometric and spectroscopic observations during its post-outburst evolution for comparison with other known outbursting objects.
INTRODUCTION
FU Orionis variables are young stellar objects (YSOs) that exhibit large-amplitude optical outbursts (∆m visual 4 mag) and remain bright for several decades (Herbig 1977) . Models in which the radiation is dominated by a rapid increase in the disk accretion rate have successfully reproduced many of the observational properties of FU Orionis outbursts; see Hartmann & Kenyon (1996) for a review. An alternative interpretation involving a rapidly rotating low-gravity star is presented by Herbig (1989) and Herbig, Petrov, & Duemmler (2003) . In the first scenario, the cause of the instabil-ity remains uncertain; possible mechanisms include thermal instabilities (Hartmann & Kenyon 1996) and interactions with companion stars on eccentric orbits (Bonnell & Bastien 1992) . Accretion instabilities are also believed to give rise to less dramatic YSO flares.
10 These events (e.g., EX Lupi, V1647 Ori, V1118 Ori, Z CMa; see Herbig 1977 , Herbig 2007 , Aspin & Reipurth 2009 , Fedele et al. 2007 , Rettig et al. 2005 , Lorenzetti et al. 2007 , Audard et al. 2010 , Szeifert et al. 2010 , and references therein) are heterogeneous, and it remains to be determined if they should be referred to as a single class (Herbig 2007) . These YSO outbursts are nevertheless distinguished from FU Orionis-like outbursts in that their optical spectra are emission-line dominated (whereas FU Ori stars typically show only absorption lines during outburst) and the outbursts have shorter lifetimes, τ outburst 2 yr, than FU Ori stars which remain in ourburst for decades (Herbig 1977; Fedele et al. 2007) .
YSO outbursts are of great interest given their potential importance to the broader star and planet formation process. Low-mass stars could accrete as much as half their final mass during FU Orionis outbursts (Hartmann & Kenyon 1996) , and the strong winds and outflows they are thought to drive likely have a significant impact on the surrounding interstellar medium (Croswell, Hartmann, & Avrett 1987) .
One of the major challenges in studying FU Orionis stars is the relatively small sample of known examples. Although ∼20 FU Orionis candidates have been identified by Reipurth & Aspin (2010) based on a mix of spectroscopic evidence, only a handful (∼6-8) of those stars have been observed to rise from their pre-outburst state to their eruptive state. Only one example, V1057 Cyg, has had a pre-outburst spectrum taken; it showed Balmer, Ca II, Fe I, and Fe II lines in emission (Herbig 1977) . Herbig noted that these features resembled those of a T Tauri star, but a lack of detected absorption lines precluded a spectral-type classification beyond a late-type star based on the red continuum.
Recently, a new FU Orionis-like variable, associated with LkHα 188-G4, was discovered at α J2000 = 20 h 58 m 17. s 00, δ J2000 = +43 o 53 42. 9 in the direction of NGC 7000/IC 5070, also known as the North America/Pelican Nebula. The source was announced as a likely FU Ori-like outburst on 2010 Aug. 17 UT 11 by Semkov & Peneva (2010a) , and was later spectroscopically confirmed as an FU Ori candidate by Munari et al. (2010) . Further photometric observations showed that the source became bluer over the course of the outburst and that a reflection nebula was emerging around LkHα 188-G4 (Semkov & Peneva 2010b) . Near-infrared (NIR) photometric observations revealed a ∼3 mag increase in the J, H, and K s bands (Leoni et al. 2010) . The variable was independently discovered by our collaboration during the course of regular monitoring of the North America Nebula with the Palomar 48-in telescope. These images were automatically reduced, and new variable and transient sources were found using the software developed for the Palomar Transient Factory (PTF; Law et al. 2009; Rau et al. 2009; Bloom et al. 2011, in prep.) . On 2010 Aug. 5 the outburst from LkHα 188-G4 was identified and given the name PTF 10qpf.
Here, we present pre-and post-eruption observations of LkHα 188-G4, an FU Orionis-like star, which we argue was a classical T Tauri star prior to eruption. Shortly before the submission of this article, an independent analysis of LkHα 188-G4 was posted on the arXiv by Semkov et al. (2010) , in which they also argue that the 2010 eruption from LkHα 188-G4 is an FU Orionis outburst. In § 2 we discuss archival observations of LkHα 188-G4 prior to the 2010 eruption. Our new 2009 and 2010 observations are presented in § 3, and § 4 contains our analysis of those observations. We discuss our conclusions in § 5. Throughout this paper we designate the 2010 outburst as PTF 10qpf, while we refer to the pre-outburst star as LkHα 188-G4.
PRE-OUTBURST OBSERVATIONS OF LkHα 188-G4
PTF 10qpf is associated with the previously known optical source LkHα 188-G4 (Cohen & Kuhi 1979) , which was later cataloged by Herbig & Bell (1988) as HBC 722. Cohen & Kuhi (1979) identified the star as an m V = 18.9
11 UT dates are used throughout unless otherwise noted. mag emission-line object with line equivalent widths of EW Hα = −100.5Å and EW Hβ = −25.8Å; [O I] λ6300 was also present, and NIR photometry was reported. We are unable to identify the strong emission feature near 4640Å in the Cohen & Kuhi (1979) spectrum, and the authors themselves do not measure or comment on the feature. It could be related to multiply ionized C or N, or He II (see, e.g., Sargent & Filippenko 1991) , though the absence of a known exact wavelength for the feature precludes a secure identification. The original spectrum is no longer available (M. Cohen, 2010, private communication) and we caution that the feature may be an error in the original data. Cohen & Kuhi (1979) determined a spectral type of K7-M0; they also derived an extinction estimate of A V = 3.4 ± 1.2 mag and a bolometric luminosity of log(L/L ) = 0.43.
The source is part of a linear chain of young stellar objects that was first designated by Cohen & Kuhi (1979) as the NGC 7000 / IC 5070 LkHα 188 group. Spitzer IRAC and MIPS observations presented by Guieu et al. (2009) and Rebull et al. (2011) later revealed that the optically visible stars are only the surface population of a much richer embedded cluster, known as the "Gulf of Mexico" cluster due to its location relative to the North America Nebula. The Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) observed the field in the J, H, and K s bands on 2000 June 10. BV I optical photometry obtained with the Kitt Peak National Observatory 0.9-m telescope was presented by Guieu et al. (2009) Mill et al. 1994) and AKARI (Murakami et al. 2007 ). The MSX source has a position (α J2000 = 20 h 58 m 17. s 59, δ J2000 = 43 o 53 36. 24) which is ∼9.2 from the optically derived position of LkHα 188-G4. This position has no clear counterpart, to within ∼3 , in the 2MASS catalog, and thus the MSX source may represent a blend of emission from several stars in the LkHα 188 group. There are two sources in the AKARI MIR catalog (Ishihara et al. 2010 ) within 10 of the optical position of LkHα 188-G4. Both of these sources are >4.5 from the optical position of LkHα 188-G4, however, so we do not include them here in our analysis of pre-outburst emission from LkHα 188-G4; the photometry of these sources likely does not correspond to LkHα 188-G4 alone. AKARI also catalogs a source in the far-infrared (FIR) at α J2000 = 20 h 58 m 16. s 809, δ J2000 = +43 o 53 41. 65, which is ∼2.4 from the optical position of LkHα 188-G4. The closest 2MASS counterpart to the AKARI FIR source is LkHα 188-G4, though we cannot rule out the possibility that the AKARI flux measurements include a contribution from other members of the LkHα 188 group.
The pre-outburst spectral energy distribution (SED) of LkHα 188-G4 is shown in Figure 1 . The pre-outburst SED of LkHα 188-G4 exhibits a smooth trend with the exception of the two points at ∼0.75 and 0.9 µm. These Kurucz (1993) , of a K7 V star reddened with A V = 3.1 mag, and demonstrates the infrared excess of LkHα 188-G4. The spectral slope in the MIR is consistent with the source being a Class II YSO prior to outburst. NIR outburst photometry was obtained on 2010 Oct. 10 with PAIRITEL, while riz photometry was taken on 2010 Oct. 14 with P60.
points, corresponding to the IPHAS i band and KPNO I band, respectively, are not coeval and differ by a factor of ∼30% in flux, which is similar to the ∼0.3 mag variability seen in the multi-epoch IPHAS data.
Direct integration of the pre-outburst SED, excluding the AKARI data, results in a total luminosity of ∼0.7 L , assuming a distance of 600 pc to NGC 7000. Adopting the classification scheme from Lada & Wilking (1984) , we fit for the MIR spectral index, defined as
where α is the spectral index and F λ is the flux density at wavelength λ. Following a least-squares fit to the Spitzer/IRAC data from 3.6 to 8 µm, we measure α = −0.40, indicating that LkHα 188-G4 was a Class II YSO prior to its 2010 outburst. Thus, there was no evidence of either a dense core of infalling material or significant envelope material in the vicinity of the central star. Including the Spitzer/MIPS 24 µm detection results in α = −0.77, securely establishing this source as a Class II YSO. To demonstrate the MIR excess relative to a stellar photosphere, we also show in Figure 1 the model spectrum of a solar metallicity K7 V star, reddened with A V = 3.1 mag, which is consistent with the inferences from Cohen & Kuhi (1979) . The model spectrum, taken from the Kurucz (1993) update to the Kurucz (1979) models, has been normalized to match the flux of LkHα 188-G4 in the H band. Class II YSOs are most commonly associated with classical T Tauri stars (CTTSs; Lada 1987) . In addition to being a Class II YSO, we also know from the multi-epoch IPHAS data that LkHα 188-G4 was optically variable between 2003 and 2005, years before the observed PTF outburst, with an amplitude of ∼0.2-0.3 mag. While some showing the emergence of the optical reflection nebula. Each image is centered on PTF 10qpf and is 75 on a side. As with many other FU Orionislike variables, the outburst of PTF 10qpf has created an asymmetric reflection nebula. Notice that PTF 10qpf is not located in the center of the reflection nebula which extends to the south west of the pre-outburst point source. All images are registered to the same frame with north up and east to the left. All dates are UT.
CTTSs show variable amplitudes as large as ∼2 mag, the majority exhibit low-amplitude variability consistent with what we observe in LkHα 188-G4 prior to eruption (Grankin et al. 2007 ). The emission-line spectrum, Class II MIR spectral index, and optical variability all point to LkHα 188-G4 being a fairly undistinguished CTTS prior to its 2010 eruption. These observations were conducted with the main PTF Survey Camera, the former CFHT12K mosaic camera now extensively re-engineered and mounted on the 48-in Samuel Oschin telescope at Palomar Observatory (hereafter P48). The camera is a mosaic of 12 CCDs (one of which is not functional), covering a 7.8 square degree field of view with 1 sampling; typical conditions at Palomar Observatory produce 2.0 full width at half-maximum intensity (FWHM) images (Law et al. 2009 ). The R PTF filter, a Mould R band, is similar to the Sloan Digital Sky Survey (SDSS) r band in shape but is shifted redward by ∼ 27Å and is ∼ 20Å wider. The typical 5σ limiting magnitudes are m R ≈ 20.6 (AB) in 60 s exposures. Representative images of LkHα 188-G4/PTF 10qpf from the 2009 and 2010 observing seasons are shown in Figure 2 .
Transient sources are detected in the PTF monitoring data by means of automated reduction pipelines, including a nearly real-time image-subtraction pipeline hosted at Lawrence Berkeley National Laboratory (LBNL). Well-detected sources in the difference images are scored (using a human-trained, machine-based classifier) for their likelihood of being truly astrophysical in nature or of spurious origin. Variable sources with larger likelihoods of being nonspurious are passed to an automatic source classifier at UC Berkeley (Oarical), which combines PTF measurements with all other available information (e.g., SIMBAD identifications, 2MASS photometry, etc.) to provide probabilistic classifications of PTF The source dramatically increased the rate at which it was brightening around 2010 July 13 (day ∼391 in the figure). P48 saturates on sources brighter than m R P48 ≈ 13.5 mag. The shaded region shows all data where PTF 10qpf is saturated; these data represent lower limits to the true brightness of PTF 10qpf during those epochs.
detections (Bloom et al., 2011, in prep.) . These initial classifications are made available to PTF collaboration members via the PTF Follow-up Marshal, which enables visual inspection of current and reference images, precursor PTF light curves, and any subsequent spectroscopy.
The source reported here was detected by the PTF pipeline and automatically assigned the name PTF 10qpf, following internal PTF naming conventions. Differential photometric measurements are made via aperture photometry, with the aperture size scaled to the seeing in each image, using SExtractor (Bertin & Arnouts 1996) , and absolute calibration is relative to the USNO-B1 catalog (Monet et al. 2003) with an uncertainty of ∼ 0.15 mag. CCD 3 on the P48 camera saturates at 55,000 counts, roughly corresponding to sources with R 13.5 mag, given the standard 60 s exposure time. Thus, in all of our observations following those on 2010 Aug. 14, LkHα 188-G4 is saturated and our measurements represent a lower limit to the true brightness of the source. These limits are reflected in the full P48 light curve of LkHα 188-G4, shown in Figure 3 , and the photometry is reported in Table 5 . We do not include the systematic ∼ 0.15 mag calibration uncertainty in this table because this uncertainty represents a constant offset that would be applied to all the data in the same way.
The PTF also makes use of the robotic Palomar 60-in telescope (P60; Cenko et al. 2006 ) to obtain multifilter photometry for source verification and classification purposes. PTF 10qpf was observed with the P60 on 2010 Oct. 14; Figure 4 presents a three-color image constructed from the P60 riz frames. Table 2 
Near-Infrared Photometry
Near-infrared observations of PTF 10qpf were conducted with the 1.3 m Peters Automated Infrared Imaging Telescope (PAIRITEL; Bloom et al. 2006 ) on Mt. Hopkins, AZ, starting on 2010 Sep. 27. PAIRITEL is a roboticized system using the former 2MASS southern hemisphere survey camera that employs two dichroics to observe simultaneously in the J, H, and K s bands. Observations were scheduled and executed via a robotic system. PAIRITEL is operated in a fixed observing mode in which 7.8 s double-correlated images are created from the difference of a 7.851 s and a 51 ms integration taken in rapid succession (see Blake et al. 2008) . The standard observing procedure involves taking three image pairs prior to dithering the telescope.
The raw data from these images are reduced using standard IR reduction methods via PAIRITEL PIPELINE III and the flux for all sources is measured via aperture photometry using SExtractor (Bertin & Arnouts 1996) , calibrated against 2MASS. In the H and K s bands, PTF 10qpf saturates the 7.851 s frames; however, PIPELINE III produces "short-frame" mosaics consisting of reduced, stacked 51 ms images (see also Bloom et al. 2009 ). The "short-frame" mosaics contain >10 bright 2MASS stars which we use to properly calibrate photometric measurements of PTF 10qpf in these images. PAIRITEL has a systematic uncertainty of ∼0.02-0.03 mag in each of the J, H, and K s bands (see Blake et al. 2008; Perley et al. 2010) , which, in the case of LkHα 188-G4, is larger than the statistical error in all three bands. Thus, we add a systematic error of 0.03 mag in quadrature with the statistical uncertainty to determine the total uncertainty in each band. PAIRITEL photometry is reported in Table 3 , and a J, H, and K s band false-color image of PTF 10qpf is shown in Figure 5. 3.3. Optical Spectroscopy 3.3.1. Lick Spectroscopy Low-resolution spectra of PTF 10qpf were obtained on 2010 Sep. 16 and 2010 Nov. 2 with the Kast spectrograph on the Lick 3-m Shane telescope (Miller & Stone 1993) . The spectra were reduced and calibrated using standard procedures (e.g., Matheson et al. 2000) . For the Sep. 16 spectrum, flux calibration for the red arm of the Kast spectrograph was performed using a standard star observed at high airmass, whereas PTF 10qpf was observed at low airmass; thus, the absolute flux calibration is somewhat uncertain in the red portion of the optical spectrum. Furthermore, the noisy features near ∼9300Å are likely the result of an imperfect telluric correction and not astrophysical. Since conditions were not photometric on the night of Nov. 2, the absolute flux calibration is again somewhat uncertain. Nevertheless, on both nights we observed PTF 10qpf with the slit placed at the parallactic angle, so the relative spectral shapes should be accurate. The full low-resolution spectra of PTF 10qpf are shown in Figure 6 , while all of our spectroscopic observations are logged in Table 4. 3.3.2. High-Resolution Spectroscopy PTF 10qpf was observed on 2010 Sep. 25 with the Keck I telescope and HIRES spectrometer (Vogt et al. 1994 ) using the red cross-disperser and the standard settings of the California Planet Survey (Howard et al. 2010; Johnson et al. 2010 ). The C2 decker was employed, projecting to 0. 86 on the sky and providing a resolution R = λ/∆λ = 55, 000 at 5500Å. We took advantage of the standard CPS reduction pipeline, which includes flat-fielding, scattered-light subtraction, order tracing, cosmic ray rejection, and spectrum extraction. After extraction, each order is sky-subtracted and summed in the cross-dispersion direction to form the final onedimensional spectrum. The exposure time of 560 s resulted in a signal-to-noise ratio (S/N ) of ∼ 20 at 7400Å. The spectra were reduced with an IDL-based data reduction pipeline developed by P. Muirhead 12 . To facilitate the subtraction of the sky and background emission of the total signal, the observations were obtained using an ABBA dither pattern along the slit. Each skysubtracted exposure was then divided by a normalized 12 http://www.astro.cornell.edu/∼muirhead/#Downloads. flat-field, wavelength calibrated, and optimally extracted (Horne 1986 ). The spectra were flux-calibrated and corrected for telluric absorption using observations of an A0V star at a similar airmass with the IDL-based code xtellcor general by Vacca, Cushing, & Rayner (2003) . The full TripleSpec spectrum is shown in Figure 7. 4. ANALYSIS
Image Morphology and Photometric Analysis
The large-amplitude eruption (∼4 mag) of LkHα 188-G4/PTF 10qpf qualitatively matches the defining characteristic of FU Orionis eruptions. Such an eruption, however, is not sufficient to prove that a YSO is in an FU Orionis-like state. PTF 10nvg, for example, brightened by ∼6 mag over the course of a year, yet shows little resemblance to FU Ori-like stars (Covey et al. 2011 ). Spectroscopy over a broad wavelength range (see below) is required to conclusively classify a source as an FU Orionis-like star.
Over the course of our P48 observations, PTF 10qpf brightened by ∼1 mag from early August 2009 to early August 2010, before suddenly brightening by ∼3 mag over a ∼2 month period (see Figure 3) . Between the start of our observations on 2009 Aug. 13 and 2010 Jul. 9, the initial slow rising phase, PTF 10qpf rose by an average of ∼0.003 mag d −1 , while between 2010 Jul. 9 and 2010 Aug. 11, during the rapid rising phase, PTF 10qpf rose by an average of ∼0.07 mag d −1 . After 2010 Aug. 11, PTF 10qpf is saturated in the P48 images and we cannot constrain the rate at which it is increasing; however, Semkov & Peneva (2010b) report that it reached peak brightness on 2010 Aug. 24 with R = 12.79 mag. Despite the rather rapid rise at the beginning of the PTF 10qpf optical outburst, the overall light curve is remarkably smooth. The P48 light curve for PTF 10qpf shows fluctuations at the ∼0.2 mag level about both the pre-outburst slow rise and the sharp rise of the outburst. The long-term trend with low scatter observed prior to 2010 July is somewhat unusual for a standard CTTS, whose year-to-year variability is typically significantly smaller than the intra-year variability (Grankin et al. 2007 ). Indeed, the IPHAS photometry of LkHα 188-G4 captures variability that is more characteristic of CTTSs: variability at the ∼0.3 mag level was observed over the course of 1 month in 2003, with a follow-up observation two years later falling within the same range of magnitudes as observed in 2003. This suggests that the slow rise LkHα 188-G4 demonstrated in 2009 was a prelude to the 2010 outburst, rather than simply standard CTTS variability.
A new reflection nebula, which was not present in 2009, can now clearly be seen around PTF 10qpf (Figure 2 ). Our regular observations over the course of the rise of PTF 10qpf allow us to constrain the appearance of the nebula, similar to the analysis of V1647 Ori/McNeil's Nebula by Briceño et al. (2004) . In the P48 subtraction images produced as part of the PTF reduction pipeline, the residual is asymmetric about the point-source centroid on 2010 Aug. 2. The dust responsible for the reflection nebula is offset to the southwest of PTF 10qpf, and the asymmetry in the subtraction image is the result of this dust scattering light into our line of sight. We measure R ≈ 14 mag for PTF 10qpf on 2010 Aug. 2. The nebula may be present as early as 2010 July 19, 4000 5000 6000 7000 8000 9000 10000
Wavelength ( however: the faint nebula is difficult to distinguish from the wings of the central star's point-spread function. The optical reflection nebula (Figure 4 ) has an apparent size of ∼40 , which at a distance of ∼600 pc corresponds to ∼24,000 AU.
In the NIR we have less information than in the optical. Our observations suggest a flat light curve in the J, H, and K s bands starting on 2010 Sep. 27. Our NIR photometric measurements are consistent with those presented by Leoni et al. (2010) , and we confirm that PTF 10qpf has brightened by 3.25, 3.07, and 2.81 mag in the J, H, and K s bands, respectively, since 2MASS observations were obtained on 2000 Jun. 10. The NIR measurements presented by Cohen & Kuhi (1979) are ∼1.1 mag brighter than those of 2MASS, which may be the result of a larger beam size for the Cohen & Kuhi (1979) measurements. FU Orionis stars are frequently associated with NIR reflection nebulae (Connelley, Reipurth, & Tokunaga 2007; Connelley & Greene 2010) , and PTF 10qpf is no exception (see Figure 5 ). The NIR nebula is similar in size to the nebula seen in the optical.
The outburst SED is shown in Figure 1 , and it clearly demonstrates that PTF 10qpf is bluer in the optical/NIR than it was prior to the 2010 outburst. We have limited spectral coverage during the outburst; in particular, we lack any information on how the emission has changed in the MIR. Direct integration of the optical/NIR outburst SED results in a lower limit to the luminosity of at least 4 L . Assuming the same bolometric correction to the H band before and after the outburst results in an outburst luminosity of L outburst ≈ 12 L . This luminosity places PTF 10qpf at the bottom of the luminosity scale for FU Ori outbursts, and more than an order of magnitude fainter than FU Ori itself (Hartmann & Kenyon 1996) .
Spectroscopic Analysis
Optical spectra of FU Orionis variables share a few defining properties: a late F or G supergiant photosphere, an absorption-dominated spectrum with only Hα typically seen in emission, and broad P Cygni absorption with representative velocities of a few hundred km s −1 . Figure 6 shows that PTF 10qpf exhibits these general properties. Figure 9 illustrates our HIRES spectra covering three Balmer transitions. Each of these lines exhibits a strong P Cygni absorption profile, with absorption minima around −40 km s −1 . Hα is the only line having an emission component, and this emission moves the absorption minimum slightly blueward of the other Balmer lines. The absorption extends to −200 km s −1 , suggesting in the classical interpretation that PTF 10qpf is driving a strong outflow (see also Figure 9 ).
In the discussion below, all velocities have been transformed to the local standard of rest (LSR). To our knowledge, a precise radial velocity measurement for LkHα 188-G4 has not been made. Therefore, we adopt a rest velocity of V LSR ≈ 1.6 km s −1 , consistent with 13 CO observations of the surrounding molecular gas (Dobashi et al. 1994) . with spectrophotometric measurements with the Kast spectrograph (Silverman et al., 2011, in prep.) , we find that PTF 10qpf does not show significant evidence for a change in color between our two observations.
To constrain the optical spectral type of PTF 10qpf, we use a least-squares minimization procedure to find the best match between the low-resolution Kast spectrum and the low-resolution stellar spectra provided in the Pickles Stellar Spectral Flux Library (Pickles 1998) . The spectral type of FU Orionis variables is known to vary as a function of wavelength (Herbig 1977) ; thus, we divide the spectra into two sections, 4000-6000Å and 6000-9000Å. Below 4000Å, the S/N is low in our Kast spectrum, while above ∼9000Å there is an uncertain telluric correction which may add artificial features. Next we redden each of the Pickles star spectra in increments of 0.05 mag from E(B-V ) = 0.00 to 2.25 mag with R V = 3.1. We mask the region around Hα, since emission lines are not expected in normal stellar spectra. We then perform a least-squares fit of the reddened library spectra with our low-resolution spectrum of LkHα 188-G4, where the only free parameter is an overall normalization constant.
We illustrate the results of this procedure in Figure 8 , where we include the low-resolution spectrum of PTF 10qpf along with the four best matches from our least-squares minimization. The stellar spectra are shown in the order of the quality of the fit, with the best fit on top and the fourth-best fit on the bottom. The adopted reddening has little physical meaning given that the observed flux is not emanating from a stellar photosphere having the standard single-temperature SED; this portion of the procedure merely serves as an automated process to vary the slope of the continuum, which is necessary given that PTF 10qpf has a heavily extinguished spectrum.
The Pickles library is incomplete -it does not include every luminosity class for every spectral type. For this reason we emphasize that our procedure is only illustrative; it does not provide a definitive spectral type for PTF 10qpf in either the blue or red portion of the optical spectrum. Nevertheless, a few trends are readily apparent from Figure 8 . In the blue portion of the optical, PTF 10qpf most closely resembles the spectra of G supergiants and G giants. In the red portion of the optical, the spectrum resembles that of G and K stars, with no real hint regarding the luminosity class. The adopted values of the reddening are significantly different between the blue and the red, but again we remind the reader that this reddening is only a device with which to match the intrinsic shape of the continuum. Typically, the Mg I λ5172 triplet is used to determine the luminosity class of G-type stars, but our high-resolution spectra show that these lines are tracing an outflow (see Figure 9 ) and thus they are unsuitable for providing a luminosity class. Despite this, the procedure does demonstrate that PTF 10qpf is similar to G giants/supergiants in the blue portion of the optical, consistent with observations of other FU Orionis variables (Hartmann & Kenyon 1996) . Additionally, as we will show below, the spectrum shifts to later types (K stars in this case) with increasing wavelength, as is also observed in FU Orionis variables (Herbig 1977) .
High-Resolution Optical Spectra
The HIRES spectrum of PTF 10qpf is dominated by broadened stellar-like absorption features. The spectral lines are consistent with those of a comparison G2 I star and inconsistent with spectral types later than early K. We note, however, that the diagnostics of G vs. K types are subtle and would become blurred with the large broadening of the PTF 10qpf lines. The line broadening is similar to, but perhaps slightly less than, the 60-100 km s −1 broadening of V1057 Cyg, and significantly more than the 30-40 km s −1 of V1515 Cyg in which some hints of a K-type spectrum can be seen at redder optical wavelengths. A detailed comparison of PTF 10qpf to these two canonical FU Ori objects reveals that the spectrum of PTF 10qpf is similar to both in terms of the relative strength of the common absorption features. However, we note that each object has unique and notable spectroscopic attributes.
Several lines have clear kinematic signatures of winds, specifically Ca II H & K, Fe II λ5018, the Mg I λλ5167, 5172, 5183 triplet, the Na I D lines, Hα, Hγ, Hδ (Hβ falls in a gap between the orders in our HIRES setting), and the K I λ7699 line (its doublet partner at 7665Å also falls in a gap between orders). The morphology of these lines is illustrated in Figure 9 . Notably, the blueshifted absorption troughs are narrower in our early-stage spectrum of PTF 10qpf than exhibited in modern spectra of V1515 Cyg and V1057 Cyg, by at least a factor of two. Although LkHα 188-G4 exhibited [O I] λ6300 emission in the Cohen & Kuhi (1979) spectrum, it is not apparent post-outburst, even at high spectral resolution, nor do we see other forbidden species in emission (such as [N II] and [S II]) typically associated with outflows in YSOs.
The other line worth noting in PTF 10qpf for its kinematic signatures is Li I λ6707. Figure 10 shows the spectral region containing this line, in comparison to V1515 Cyg and V1057 Cyg as well the G2 I standard. The Li I absorption profile has multiple components including a narrow slightly blueshifted component arising from lowvelocity gas and a broader absorption extending to ±60 km s −1 that is reminiscent of the flat-bottomed profiles seen in other metallic lines in the same spectral region. A similar absorption profile is also seen in Ba II (Figure 9) . Figure 11 illustrates the flat-bottomed nature of many absorption lines in PTF 10qpf. The profiles are reminiscent of those illustrated by Petrov & Herbig (2008) for FU Ori. When the flat-bottomed lines in PTF 10qpf are cross-correlated against a normal G2 I stellar template, the resulting cross-correlation function is broad (∼120 km s −1 ) with several different peaks. In some spectral regions a central peak can be fit by a Gaussian of width 30 km s −1 , and there are two secondary peaks near the full width of the correlation function, each having Gaussian width ∼20 km s −1 . In other spectral regions, both blue and red, the correlation function has no central peak, but only the double peaks near the limb. To measure the goodness of the cross correlation we adopt the TonryDavis R value (Tonry & Davis 1979) , which is a ratio of the power in the cross-correlation peak to a measure of the antisymmetry in the correlation. Large R values indicate good cross correlations. Using a G2 supergiant as a template, the Tonry-Davis R value for PTF 10qpf H is also present, offset from Ca H by ∼100 km s −1 . Bottom center: Absorption profiles of Fe II λ5018 and K I λ6989. Bottom right: Absorption profiles of Ba II λλ4554, 5853, and 6141. These lines show narrow absorption, FWHM ≈ 20 km s −1 , superposed on broader, shallower profiles extending ± ∼60 km s −1 from the line center. For clarity, all spectra have been smoothed with a Savitzky-Golay filter, which is similar to a running mean (Savitzky & Golay 1964) . Velocities are given relative to the LSR, and the vertical grey line indicates the rest velocity of PTF 10qpf, V LSR ≈ 1.6 km s −1 (see text). Fig. 10 .-Keck HIRES high-resolution spectra of the Li I λ6706 and Ca I λ6717 region of PTF 10qpf. For comparison we also show high-resolution spectra of V1057 Cyg, V1515 Cyg, and a G2 Ib spectral standard, all from our unpublished spectral database. In particular, notice the strong Li absorption present in PTF 10qpf and the two canonical FU Orionis objects. The Li line in both V1057 Cyg and PTF 10qpf traces an unusual kinematic structure, possibly similar to that seen in Ba II (see Figure 9. ) is 4-6 (compared to R > 5 to 15 for V1057 Cyg, which shows broadening and flat-bottomed structure similar to PTF 10qpf in some lines, and R > 20 for V1515 Cyg, which does not). The cross-correlation results are similar when using V1515 Cyg as a template, rather than the G2 I standard. Employing V1057 Cyg as a template results in a broad and centrally peaked cross-correlation function having width 120-130 km s −1 .
4.2.3. Near-Infrared Spectroscopy NIR spectra of FU Orionis variables resemble the spectra of K and M giants/supergiants, in contrast to their earlier spectral type in the optical (Hartmann & Kenyon 1996) . The most prominent features in the NIR spectra of FU Orionis stars are the strong absorption bands from CO at 2.3 µm and the H 2 O vibration-rotation bands at 1.38 µm and 1.87 µm. These absorption bands are clearly present in the outburst spectrum of PTF 10qpf; see Figure 7 , which compares spectra from Rayner, Cushing, & Vacca (2009) of two supergiants (K5 Ib and M5 Ib-II) and a dwarf (M0 V) with PTF 10qpf. There are many prominent absorption features seen in the M0 V spectrum, which are muted or absent in PTF 10qpf and the two supergiant spectra. This is indicative of a low surface gravity environment for PTF 10qpf. The Fe I transitions at λλ6393, 6593, and 6678 have been shifted to the same velocity, while Fe I λ6400 is offset by ∼300 km s −1 relative to λ6393. These lines all exhibit a profile with a "flat" bottom similar to those observed in FU Orionis (Petrov & Herbig 2008) . For clarity, spectra have been smoothed with a Savitzky-Golay filter, which is similar to a running mean. The vertical grey line is the same as in Figure 9 .
We have attempted to derive a crude NIR spectral type for PTF 10qpf. In addition to its anomalously strong CO features, PTF 10qpf also possesses prominent H 2 O absorption in the H and K bands; the relative strengths of the H and K-band absorptions are unusual, with PTF 10qpf separated from both the dwarf and giant loci for those features (see, e.g., Figure 4 of Covey et al. 2010) . We therefore attempted to characterize the NIR spectral type of PTF 10qpf based on the strengths of several Hband absorption features: Mg I (1.51 µm), K I (1.518 µm), Al I (1.67 µm), and a blend at 1.70 µm. We compared the strengths of these features to those measured for a suite of dwarf and giant templates by Covey et al. (2010) . While this method is sufficient to derive only a crude NIR spectral type for PTF 10qpf, we find that the source's outburst spectrum most closely resembles that of K7 III-M2 III giants (see Figure 7 for some comparisons). It is important to note that the classification scheme from Covey et al. (2010) does not include supergiants; thus, we conclude that PTF 10qpf has a low surface gravity, but we cannot discriminate among luminosity classes I-III.
While the strength of molecular water absorption is greater than that normally observed in giants, this finding is consistent with observations of other FU Orionis stars. Sato et al. (1992) argue that the unusually strong H 2 O absorption seen in FU Orionis stars can be explained if water that has condensed onto dust grains in the midplane of the disk becomes vaporized during the heating of the disk associated with an FU Orionis eruption. Once this evaporated water is flung vertically out of the disk midplane, it will imprint a strong absorption signature in the NIR spectrum. Connelley & Greene (2010) show that the equivalent width (EW) of CO absorption at 2.3 µm can be used to identify FU Orionis-like stars when compared to the EW of Na (2.206 and 2.209 µm) and Ca (2.263 and 2.266 µm). To compare PTF 10qpf to the stars studied by Connelley & Greene (2010) , we measure the EW of Na, Ca, and CO following the prescription of Chalabaev & Maillard (1983) with the correction provided by Vollmann & Eversberg (2006) . We measure Na and Ca EWs of 1.56 ± 0.05 and 1.07 ± 0.06Å, respectively, while the EW of CO is 35.6 ± 0.3Å. These uncertainties reflect the statistical errors in our measurements, and likely underestimate the systematic effects associated with these measurements (e.g., the precise placement of the continuum). Nevertheless, the systematic uncertainties are not large enough to alter the general conclusions drawn below. The CO absorption is well in excess of what would be expected for both late-type dwarfs and giants based on the strength of the Na and Ca absorption; however, this excess CO absorption is consistent with other FU Orionis-like stars in the sample of Connelley & Greene (see their Figure 4) . Prominent H and He I λ10830 absorption lines are also visible in the NIR spectra (see Figure 7) . However, H and He absorption cannot originate in a simple, singletemperature, cool (late K-M) atmosphere. Thus, these lines, though unresolved in our spectra, likely trace an outflow, similar to the Balmer series in the optical. He I λ10830 may be a hot-wind indicator, but high-resolution spectra are needed to confirm this (Edwards et al. 2006; Kwan, Edwards & Fischer 2007) .
DISCUSSION AND CONCLUSIONS
We have shown that the 2010 eruption of LkHα 188-G4 places it within the small family of FU Orionis-like stars having observed outbursts. LkHα 188-G4/PTF 10qpf exhibits the defining observable characteristics of the FU Orionis class as described by Hartmann & Kenyon (1996) :
• it exhibited a 4 mag increase in its optical light curve;
• it is associated with a star-forming region and shows a bright reflection nebula following its eruption;
• optical spectra of the outburst are consistent with a G-type giant/supergiant;
• during outburst, the Balmer lines exhibit strong P Cygni profiles, with only Hα showing an emission component, and absorption extending to about −200 km s −1 ; and
• the NIR spectra during the eruption resemble those of M-type giants/supergiants, with strong absorption seen in the H 2 O and CO bands.
In sharp contrast to the class of YSO outbursts referred to as EX Lupi-like or V1647 Ori-like, PTF 10qpf does not exhibit strong optical/NIR emission lines during outburst. In the IR, unlike typical M and K-type supergiants, PTF 10qpf shows prominent absorption lines of H I (Brγ, Paβ, Paγ, Paδ) and He I 1.083 µm. In the optical the H I lines trace an outflow, with clear P Cygni absorption profiles observed in our HIRES spectrum. Our spectral resolution is insufficient to determine whether a similar P Cygni profile is observed in the NIR; however, H and He absorption cannot originate in an M-giant/supergiant photosphere. Thus, the H and He lines are likely the result of inner-disk region accretion/wind physics.
LkHα 188-G4 stands out among the currently known group of FU Orionis-like stars in that there are preoutburst observations with detections from the optical to the MIR, making LkHα 188-G4 the first FU Orionislike star with a well-sampled SED prior to eruption. This SED shows that LkHα 188-G4 was a Class II YSO, which are commonly associated with CTTSs (Lada 1987) . A pre-outburst optical spectrum reveals a late-type star, K7-M0, with prominent Hα and Hβ seen in emission, again consistent with a CTTS. Multiple epochs of optical imaging prior to the outburst reveal that LkHα 188-G4 exhibited stochastic variability at a level consistent with a CTTS.
One of the most important elements in the study of PTF 10qpf/LkHα 188-G4 is that it is associated with a known, optically revealed and previously studied YSO. The clear identification of LkHα 188-G4 as a CTTS prior to eruption solidifies the interpretation of FU Ori events as enhanced accretion and outflow likely associated with disk-accretion instabilities (Hartmann & Kenyon 1996) . This outburst's association with a previously classified CTTS source shows that FU Ori eruptions are not strictly limited to the most highly embedded Class 0/I phases of pre-main sequence evolution. Indeed, the strong winds associated with these events may play an important role in disrupting a YSO's circumstellar envelope. Such a disruption is thought to be a key component of the Class I/II transition.
Continued photometric and spectroscopic monitoring of PTF 10qpf/LkHα 188-G4 will fully elucidate its nature. As more and more synoptic surveys come online, the rich legacy of IR observations made by several ground-and space-based observatories (e.g., 2MASS, IRAS, MSX, Spitzer, AKARI, WISE) over the past two decades will enable the discovery of additional FU Orionis outbursts with well characterized pre-outburst SEDs. These discoveries will in turn allow us to determine if the case of LkHα 188-G4 is an outlier or the norm. A better understanding of whether FU Orionis-like eruptions typically occur during the Class I or Class II phase of premain sequence evolution will allow us to place stronger constraints on the triggering mechanism and occurrence rates for these events. 
